The steady state creep behavior in an isotropic functionally graded composite cylinder, subjected to internal pressure has been investigated. The cylinder is assumed to be made of composite containing silicon carbide particles in a matrix of pure aluminum. The creep behavior of the material has been described by threshold stress based creep law with a stress exponent of five. The effect of imposing linear particle gradient on the distribution of stress and strain rates in the composite cylinder has been investigated. The study reveals that for the assumed linear particle distribution, the radial stress decreases throughout the cylinder with increase in particle gradient, whereas the tangential, axial, and effective stresses increase significantly near the inner radius but show significant decrease toward the outer radius. The strain rates in the composite cylinder could be reduced significantly by employing gradient in the distribution of reinforcement while keeping the same average amount of reinforcement.
INTRODUCTION C
transportation of high-pressurized fluids and piping of nuclear reactors [15] . In most of these applications the cylinder has to operate under severe mechanical and thermal loads causing significant creep, and thus reducing the service life [4, 6, 7] .
The creep analysis of thick-walled cylinder made of monolithic material has been investigated by many researchers [4, 814] . Under severe thermo-mechanical loading, cylinders made of monolithic materials may not perform well. The excellent mechanical properties, namely, high specific strength and stiffness, and high temperature stability, offered by Metal Matrix Composites (MMCs) such as aluminum and aluminum alloy matrix reinforced with silicon carbide allow them to be used for cylinder applications involving high pressure and high operating temperature [1519] .
With the technological advancement, it is possible to prepare materials having graded properties, known as Functionally Graded Materials (FGMs). FGMs are composite materials where the composition is tailored to obtain desired variation in properties. FGMs have been developed as ultra high temperature resistant materials for potential applications in aircrafts, space vehicles, and other structural components exposed to elevated temperature [20] .
The creep behavior of composites with tailored distribution of reinforcement is of importance in view of their applications at high temperature. In recent years, the problem of creep in cylinders made of FGMs and operating under high pressure and temperature has attracted the interest of many researchers. Fukui and Yamanaka [21] investigated the effects of the gradation of components on the strength and deformation of thick-walled Functionally Graded (FG) tubes under internal pressure. The work was further extended by considering a thick-walled FG tube under uniform thermal loading [17] . The effect of graded components on residual stresses was investigated in order to arrive at the optimum composition gradient generated by compressive circumferential stress at the inner surface. Chen et al. [22] studied the creep behavior of thick-walled cylinders made of FGM and subjected to both internal and external pressures. They obtained the asymptotic solutions on the basis of Taylor expansion series and compared it with the results of Finite Element Analysis (FEA) obtained by using ABAQUS software. You et al. [23] analyzed the steady state creep in thick-walled cylinders made of arbitrary FGMs and subjected to internal pressure. The stress and strain rates were calculated by using Norton's creep law. The impact of radial variations of material parameters on the stresses in the cylinder was investigated. Abrinia et al. [24] obtained analytical solution for computing the radial and circumferential stresses in a thick FG cylindrical vessel under the influence of internal pressure and temperature. The effect of non-homogeneity in thick FG cylinder was analyzed in the context of achieving the lowest stress levels in the cylinder.
The literature consulted so far reveals that the problem of determination of elastic stresses and deformations in a cylinder made of monolithic material has been dealt by several workers, but the studies pertaining to creep deformations in cylinders, that too of FG composites, are rather scant. In the light of this, it is decided to investigate steady state creep in a thick-walled FG cylinder consisting of silicon carbide particles (SiC p ) embedded in Aluminum (Al) matrix and subjected to high pressure and high temperature. The content of SiC p in Al matrix has been assumed to vary linearly with maximum amount at the inner radius and minimum at the outer radius of cylinder. A mathematical model has been developed to describe steady creep behavior of composite cylinder made of FGM. The developed model is used to investigate the effect of gradient in distribution of SiC p on the steady state creep response of the composite cylinder.
DISTRIBUTION OF REINFORCEMENT AND CREEP PARAMETERS
The silicon carbide particle in FG composite cylinder has been assumed to decrease linearly from the inner (a) to outer radius (b). Therefore, the density and the creep constants will vary with radius of the cylinder. The content (vol%) of silicon carbide V(r) at any radius r is given by
where, V max and V min are the maximum and minimum particle content, respectively at the inner and outer radii of the cylinder. The average particle content in the cylinder can be expressed as:
where, l is the length of cylinder. Putting the value of V(r) from Equation (1) into Equation (2) and integrating, we get,
where, a ¼ a/b.
SELECTION OF CREEP LAW
In aluminum matrix composites, undergoing steady state creep, the effective creep rate, _ " e , is related to the effective stress, r e , through well documented creep law based on threshold stress, r 0 [25, 26] :
where the symbols A 0 , n, Q, E, R, and T denote respectively the structure dependent parameter, true stress exponent, true activation energy, temperature dependent young's modulus, gas constant, and operating temperature.
The true stress exponent n appearing in creep law Equation (4), is usually selected as 3, 5, and 8, which correspond to three well-documented creep cases for metals and alloys: (i) n ¼ 3 for creep controlled by viscous glide processes of dislocation, (ii) n ¼ 5 for creep controlled by high temperature dislocation climb (lattice diffusion), and (iii) n ¼ 8 for lattice diffusion-controlled creep with a constant structure [25] . Though, some of the research groups [2730] have used a true stress exponent of eight to describe steady state creep in Al-SiC p,w (subscript 'p' refers to particle and 'w' refers to whisker shape of SiC) composites but a number of other research groups [3139] have observed that a stress exponent of either $3 or $5, rather than 8, provides a better description of steady state creep data observed experimentally for discontinuously reinforced Al-SiC composites. Keeping this in view, a stress exponent of 5 is chosen in this study to describe the steady state creep behavior of the composite cylinder. The justification regarding choice of stress exponent is further elaborated in the next section.
ESTIMATION OF CREEP PARAMETERS
The creep law given by Equation (4) may alternatively be written as:
where
is a creep parameter and the value of stress exponent (n) is taken as 5 in the current study. The creep parameters M and r 0 appearing in Equation (5) are dependent on the type of material apart from the operating temperature (T). In a composite, the dispersoid size (P) and content (V) are the primary material variables affecting these parameters. In the present study, the values of M and r 0 have been extracted from the experimental creep results reported by Pandey et al. [28] for Al-SiC p composite under uniaxial creep. The individual set of creep data reported by Pandey et al. [28] have been plotted as _ " 1=5 vs. r on linear scales as shown in Figure 1 (a)(c). The slope and intercepts of these graphs yield the values of creep parameters M and r 0 as reported in Table 1 . This approach of determining the threshold stress, r 0 , is known as linear extrapolation technique [40] . To avoid variation due to systematic error, if any, in the experimental result, the creep data have been taken from a single source.
The _ " 1=5 vs. r plots, corresponding to the observed experimental data of Al-SiC p composites for various combinations of P, V, and T, exhibit an excellent linearity as evident from Figure 1 (a)(c). The coefficient of correlation for these plots has been noticed in excess to 0.916 as reported in Table 1 . In the light of these facts, the choice of stress exponent n ¼ 5, for describing steady state creep in Al-SiC p composite is justified.
The accuracy of creep results, to be estimated in subsequent section, for composite cylinder will depend on the accuracy associated with prediction of parameters M and r 0 for various combinations of material parameters and operating temperature. To verify the accuracy of creep parameters reported in Table 1 , their values have been back substituted in the constitutive creep model, Equation (5), to estimate the strain rates corresponding to the observed experimental stress levels for Al-SiC p composite as reported by Pandey et al. [28] . The estimated strain rates have been compared with those observed experimentally by Pandey et al. [28] . Figure 2 (a)(c) shows an excellent agreement between the estimated and experimental strain rates, which inspire confidence in the creep parameters estimated in this study. To estimate the values of M and r 0 for various combinations of P, V, and T, not covered in Table 1 , regression analysis was performed using Datafit software. The developed regression equations are given below: In an FG cylinder, with particle content varying radially as V(r), both the creep parameters M(r) and r 0 (r) will also vary along the radial direction. In the present study, the particle size (P) is assumed as 1.7 mm while the operating temperature (T) is taken as 350 C. Thus for a given FG cylinder under a known particle gradient both the creep parameters will be functions of only radial distance. The values of M(r) and r 0 (r) at any radius, r, could be estimated by substituting the particle content V(r) at the corresponding locations into Equations (6) and (7) . Table 1 . Creep parameters used for Al-SiC p composites in the present study. 
MATHEMATICAL FORMULATION
Consider a long, closed end, thick-walled, hollow cylinder made of FG Al-SiC p composite. The inner and outer radii of cylinder are respectively a and b and the cylinder is subjected to internal pressure p. The coordinates axes r, , and z are taken respectively along the radial, tangential, and axial directions of the cylinder. The present analysis is based on the following assumptions:
(i) Material of the cylinder is locally isotropic, i.e. the properties remain constant at a given radial location, however their values vary with change in radial distance. (ii) Pressure is applied gradually and held constant during the loading history. (iii) Stresses at any point in the cylinder remain constant with time, i.e. steady state condition of stress is assumed. (iv) Elastic deformations are small, therefore, neglected as compared to creep deformations.
The radial ( _ " r ) and tangential ( _ " ) strain rates in a cylinder are respectively given by:
where _ u r ¼ du=dt is the radial displacement rate and u is the radial displacement. Eliminating _ u r from Equations (8) and (9), Considering the equilibrium of forces acting on an element of the cylinder in the radial direction, we may write,
where r r and r are respectively the radial and tangential stresses in the cylinder. Assuming material of the cylinder to be incompressible, i.e.
where _ " z is the axial strain rate. The generalized constitutive equations for creep in an isotropic composite [41] , when reference frame is along the principal directions r, , and z, are given by,
where r z is the axial stress. According to von-Mises yield criterion [42] , the effective stress in an isotropic cylinder is given by,
For a closed end cylinder made of incompressible material, the plane strain condition exists, i.e. the axial strain rate ð _ " z Þ is zero [43] . Therefore, Equations (8), (9) , and (12) on simplifying yields,
where C is a constant of integration. Substituting Equation (17) into Equations (8) and (9), we get,
Under plane strain condition, Equation (15) becomes,
Using Equation (20) into Equation (16), one gets,
Substituting Equations (18) and (20) into Equation (13) we get,
Putting _ " e and r e respectively from Equations (5) and (21) into above equation and simplifying, one gets,
MðrÞ and
Using Equation (23) into Equation (11) and integrating the resulting equation between limits a to r, we get
The boundary conditions for a cylinder subjected to internal pressure are given by ðiÞ At r ¼ a, r ¼ Àp ðnegative sign implies compressive stressÞ ð 25Þ
The Equation (24) may be solved, between limits a to b and under the enforced boundary conditions given above, to get the constant C as,
MðrÞ dr Using Equation (24) in Equation (23), the tangential stress, r , is obtained as
Substituting Equations (24) and (28) into Equation (20), we get the axial stress, r z ,
Using Equation (21) into Equation (22) and substituting the result in Equations (18) and (19), we get,
Therefore, the radial and tangential strain rates in composite cylinder are 86.6% of the effective strain rates.
RESULTS AND DISCUSSIONS
On the basis of analysis presented in previous section, numerical calculations have been carried out to obtain the steady state creep behavior of composite cylinder. The results have been obtained for uniform (Non-FGM) and three different FGM cylinders as mentioned in Table 2 .
Validation
Before discussing the results obtained in this study, it is necessary to validate the analysis carried out. To accomplish this task, the effective strain rates have been computed for a copper cylinder, for which the results are reported in literature [44] . The dimensions of cylinder, operating pressure and temperature, and the values of creep parameters used for the purpose of validation are summarized in Table 3 . To estimate the creep parameters M and r 0 for copper cylinder, as reported in the study of Johnson et al. [44] , the values of effective stress, r e , at the inner and the outer radii of cylinder have been estimated by substituting the values of r r , r , and r z , reported in the study of Johnson et al. [44] , at these locations into yield criterion given by Equation (16) . The above-mentioned values of stresses r e , r r , r , and r z , and the tangential strain rates ( _ " ) reported by Johnson et al. [44] , are substituted in Equation (14) to obtain the effective strain rates ( _ " e ) at the inner À9 s À1 ) radii of copper cylinder are substituted in creep law, Equation (5), to estimate the creep parameters M and r 0 for copper, as reported in Table 3 . These parameters have been used in the current analysis to compute the distribution of tangential strain rate in the copper cylinder. The tangential strain rates thus obtained have been compared with those reported by Johnson et al. [44] . A good agreement is observed in Figure 3 , which validates the analysis presented in this study. Figure 4 shows the distribution of reinforcement (SiC p ) in the various cylinders used in this study. The SiC p content decreases linearly from the inner to outer radius in FGM cylinders (C1C4) while in uniform (non-FGM) cylinder (C1) the content of SiC p remains the same (20 vol.%) over the entire radius. Figure 5(a)(b) shows the variation of creep parameters M(r) and r 0 (r) with radial distance in composite cylinders. The value of parameter M(r) observed in FGM cylinders (C1C4) increases with increasing radial distance. The increase observed in M(r) may be attributed to decrease in particle content V(r) in FGM cylinders (C1C4) on moving from the inner to outer radius, Figure 5 (a). With increase in Particle Gradient (PG), the distribution of M(r) becomes steeper. On the other hand, the threshold stress, r 0 (r), shown in Figure 5 (b) decreases linearly on moving from the inner to outer radius of the FGM cylinder. The threshold stress is higher in regions having more amount of SiC p compared to those having lower SiC p content. Similar to creep parameter M(r), the variation of r 0 (r) also becomes steeper with increase in particle gradient in the FGM cylinder. The creep parameter observed in uniform cylinder (C1) remains constant due to the same amount (20 vol%) 
Variation of Creep Parameters

Distribution of Stresses and Strain Rates
To observe the effect of particle gradient on creep behavior of cylinder, the steady state stress and strain rates have been estimated in four different composite cylinders, Table 2 , and are shown in Figures 68. The dimensions of cylinder and operating pressure used in this study are kept similar to those reported in the study of Johnson et al. [44] for copper cylinder ( Table 3) . The radial stress, Figure 6 (a), remains compressive throughout the cylinder, with maximum value at the inner radius and zero at the outer radius, under the imposed boundary conditions given in Equations (25) and (26) . The magnitude of radial stress decreases throughout the cylinder with increase in particle gradient. The maximum variation noticed in radial stress between FGM cylinder C4 and uniform cylinder C1 is about 9.1 MPa, somewhere in the middle region. The tangential stress shown in Figure 6 (b) remains tensile throughout and is observed to increase with increasing radius. By incorporating more amount of reinforcement (SiC p ) near the inner radius (as in FGM cylinder), the tangential stress increases near the inner radius but decreases toward the outer radius when compared with uniform cylinder C1. The region having relatively more reinforcement offers higher stress compared to the region containing lesser amount of reinforcement. With increasing particle gradient in the FGM cylinder, the tangential stress further increases near the inner radius but decreases toward the outer radius. When particle gradient is imposed in the cylinder, the highest value of tangential stress, observed at outer radius, decreases as is evident from the comparison of uniform cylinder C1 and FGM cylinder C2. The location of highest tangential stress shift toward the inner radius with increasing particle gradient beyond 9%, as observed for FGM cylinders C3 and C4. By increasing particle gradient from 18% (cylinder C3) to 27% (cylinder C4) the maximum value of tangential stress in the cylinder increases. It is interesting to observe that the axial stress changes its nature from compressive (uniform cylinder C1) to tensile (FGM cylinder C4) at the inner radius, Figure 6 Figure 6 . Effect of particle gradient on steady state stresses in composite cylinder (P ¼ 1.7 m, T ¼ 350 C).
in particle gradient results in relatively more uniform distribution of axial stress in the composite cylinders as evident from Figure 6 (c). The maximum axial stress, observed at the outer radius, decreases with increasing particle gradient from 0% to 18%. With further increase in particle gradient to 27%, the location of maxima observed in axial stress shifts toward the middle region of the cylinder (refer FGM cylinder C4). The effective stress, Figure 6 (d), decreases with increasing radial distance. The increase in particle gradient in the composite cylinder leads to significant increase in effective stress near the inner radius but a significant decrease near the outer radius. The amount of increase and decrease observed in effective stress, respectively, near the inner and outer radii, increase with increasing particle gradient in the cylinders. The strain rates given by Equations (13) and (14) are dependent on the effective strain rate, _ " e , which ultimately depend upon stress difference (r e À r 0 ), as revealed from creep law, Equation (5) . Therefore, to investigate the effect of particle (SiC p ) gradient on the creep rates, the distribution of (r e À r 0 ) is plotted in Figure 7 . It is noticed that the stress difference (r e À r 0 ) observed in FGM cylinders (C2C4) is relatively higher near the inner radius but lower toward the outer radius as compared to uniform cylinder C1. The variation of (r e À r 0 ) with increasing gradient in distribution of SiC p is similar to those noticed for effective stress in Figure 6(d) . In spite of significantly higher value of (r e À r 0 ) near the inner radius of FGM cylinders (C2C4) compared to uniform cylinder C1, the effective strain rates in FGM cylinder decreases significantly over the entire radius. The decrease observed in strain rate increases further with increase in particle gradient. The decrease observed in effective strain rate near the inner radius of FGM cylinder may be attributed to relatively lower values of parameter M, (Figure 5(a) ) in spite of relatively higher value of (r e À r 0 ) in this region (Figure 7) , when compared to those observed in uniform cylinder C1. By increasing the content of SiC p near the inner radius of composite cylinder, the inter-particle spacing decreases which causes the increase in threshold stress [38] , but decrease in creep parameter M (Figure 5(a) ). Both these factors contribute in reducing the strain rates near inner radius of FGM cylinders compared to uniform cylinder. But toward the outer radius, in spite of relatively higher value of parameter M, the effective strain rate in FGM cylinder remains lower than the uniform cylinder C1 due to lower value of effective stress observed in FGM cylinders. The effective strain rate in FGM cylinder decreases with increasing SiC p gradient. The radial and tangential strain rates are equal in magnitude but opposite in nature due to incompressibility condition (Equation 12 ) and the assumption of plain strain condition ( _ " z ¼ 0). The radial (compressive) and tangential (tensile) strain rates in the cylinder are 13.4% lower than the corresponding effective strain rates (Equation 30) as is evident from Figure 8 (b). The particle gradient affects these strain rates in a similar way as observed in Figure 8 (a) for effective strain rate.
CONCLUSIONS
The study carried out has led to the following conclusions:
1. The radial stress in the composite cylinder decreases throughout with increasing gradient in the distribution of reinforcement (SiC p ). 2. The increase in particle gradient leads to significant increase in tangential, axial, and effective stresses near the inner radius of composite cylinder. However, toward the outer radius, these stresses are observed to decrease with increase in distribution of SiC p gradient. 3. The maximum value of tensile stress observed at outer radius decreases with increasing gradient in the distribution of reinforcement. The location of maxima observed for tangential stress shifts toward the inner radius and its magnitude increases with increasing particle gradient. 4. The maximum value of axial stress in the composite cylinders decreases with increasing SiC p gradient. Besides this, the location of maxima shifts toward the middle region of the cylinder.
